Cod (Gadus morhua) are preyed upon by grey seals (Halichoerus grypus) and there is debate over 10 the impact this has had on the decline of stocks and their prospects for recovery. We analysed a 11 depleted stock to the West of Scotland and show that seal predation rate is consistent with a type II 12 functional response. Forward projections of a model including the functional response under varying 13 levels of fishing and seal population size suggest that stock recovery is possible under current 14 conditions but there is a modest probability that the stock will decline further in both the short and 15 long term. The potential recovery is fragile and sensitive to relatively small increases in either fishing 16 or seal predation. Forward projection models that exclude the functional response estimate a lower 17 probability of stock decline and may underestimate the risk to the stock. At low stock sizes and high 18 fishing mortality rates functional response models project slower recovery but the opposite is true at 19 low fishing mortality. 20 21
Introduction 22
Fisheries for Altantic cod (Gadus morhua) have long existed and provide an important source of food 23 as well as supporting valuable commercial trade (Kurlansky, 1997) . Many cod stocks both in Europe 24 and North America have declined to low levels (Cook et al.,1997; Myers et al. 1996) and the species 25 is currently classified as "vulnerable" in the IUCN Red List (IUCN, 2014) . Grey seals (Halichoerus 26 grypus), classified as "least concern" by the IUCN (IUCN 2014), are predators on cod (Prime & 27 Hammond 1990; Hammond, Hall & Prime 1994; Hammond & Grellier 2006) and potentially compete 28 with fisheries for the same resource. As a result there is controversy over the impact of seal 29 predation on fisheries (Harwood 1984) . Recent estimates of the mortality due to seal predation have 30 suggested that it may be of sufficient magnitude to impair stock recovery both in Europe (Cook et al. 31 2015) and Canada (Fu, Swain & Benoit, 2015) . By contrast, a report to the European Parliament 33
Committee on Fisheries concluded that the effect of seal predation on fish stocks in Scottish waters 34 was insignificant (Boyd & Hammond 2010) . 35 An impediment to the evaluation of the effects of seals on fish populations is that the estimation of 36 predation rates presents considerable challenges because data on diet and quantities of fish eaten 37 by seals are hard to acquire. Thus the study by Boyd and Hammond (2010) relied on estimates of 38 fishing mortality rates and stock biomass that were made on the basis of fixed natural mortality 39 rates which did not account for seal predation explicitly, making comparisons between fishing and 40 separately estimated seal predation debatable. Similarly, performing stock assessments without 41 accounting for seal predation (where it may be large) can lead to biassed estimates of fishing 42 mortality that give a misleading impression of the ability of managers to influence stock biomass by 43 controlling exploitation in the fishery. In order to avoid this problem it is necessary to estimate stock 44 biomass, fishing mortality and seal predation as part of the same stock assessment so that the 45 respective estimates are calculated on the same basis and are internally consistent. 46
Typically in the ICES area fish stock assessments only account for non-fishing mortality as a constant 47 estimated externally to the assessment itself. This may include estimates of seal predation, as in 48 some North Sea assessments, where natural mortality values used are derived from multispecies 49 models that account for such predation (ICES 2014a). Nevertheless these are treated as fixed values 50 in single species assessments and the resultant estimates of fishing mortality are not necessarily 51 consistent with those derived from the multispecies analysis. In this paper we estimate seal 52 predation and fishing mortality to show the importance of accounting for both these mortalities in a 53 single assessment. We infer a relationship between the seal predation rate and stock biomass, and 54 between stock biomass and subsequent cod recruitment. This allows a full population dynamics 55 model to be constructed which we use to investigate stock trajectories under different scenarios of 56 seal population size, seal predation rate and fishing mortality. 57
The West of Scotland cod is taken as an example of where such an approach is feasible because 58 samples exist of seal diet and cod consumed. Recent assessments by the International Council for 59 the Exploration of the Sea (ICES) show a major decline in spawning stock biomass (ICES 2014b) with 60 high and relatively constant fishing mortality since the 1980s. The decline in biomass reflects similar 61 trends in adjacent cod stocks in the Irish Sea and North Sea. Management advice is effectively to 62 avoid all catches of cod (ICES 2014b). The stock is subject to a "recovery plan" that is intended to 63 reduce fishing mortality and increase the biomass through fishing effort limitation, gear 64 modifications, and landings limits (Kraak et al. 2013 ). The assessments assume fishing mortality is 65 the principal cause of stock decline, with the implication that reducing fishing mortality will favour 66 stock recovery. Cod may account for approximately 10% of the seal diet on the West of Scotland 67 with an estimated comsumption amounting to three times the official landings in 2002 (Harris 2007) , 68 yet ICES assessments do not explicitly consider this mortality. This would suggest that a recovery 69 plan based on assessments which exclude seal predation may be unreliable. The analysis presented 70 here considers how seal predation affects the perception of stock recovery scenarios. 71
Methods 72
Cook et al's (2015) assessment model is used as the basis of the analysis but is extended to include 73 the period after 2005 and considers the full dynamics of the cod population and the relationship 74 between prey population biomass and seal predation. 75
Our approach involved estimating historical values of the cod stock biomass and mortality rates and 76 then projecting these forward under different assumptions about seal population size and fishing. 77
The projections were done using a stochastic model that takes account of uncertainty in the model 78 parameters and the structural relationship between stock size and recruitment (annual number of 79 cod at age 1). 80
We used standard fishery data reported in ICES (2014b) that comprise fishery catch at age and 81 relative abundance estimates from research vessel surveys, and cover the period 1985-2013 as listed 82
in Table 1 . Although there are fisheries data prior to 1985 there are no seal diet data during this 83 earlier period making estimates of seal predation problematic so we restricted the analysis to the 84 more recent period when diet data are available. In order to estimate seal predation rates we used 85 data on cod length compositions in the seal diet, and total cod biomass eaten reported by Harris 86 (2007) . Seal population numbers estimated by the UK Sea Mammal Research Unit (SMRU) (SCOS 87 2014) for the Hebrides were used as the population exploiting fish in the West of Scotland as it is 88 predominantly these animals that forage in the area (Harris 2007 Natural mortality M is assumed to be dependent on size and given by the Lorenzen (1996) Where w̄ is the mean weight at age and A and B are constants. 103
Seal predation mortality is modelled as the product of a size preference (or selectivity), sseal, and an 104 "effort" component, qG, where q represents the annual per capita capacity of seals to prey on cod 105 (the "predation rate"), and G is the abundance of seals. The seal predation mortality is thus: 106 6
Pa,y = sseal,a,yqyGy
The quantity q will depend on the ability of seals to find and catch cod, the time it takes to process 107 prey items and the presence of other prey and may change over time. To avoid any structural 108 assumptions between predation rate and prey abundance q is assumed to follow a simple 109 autoregressive process with variance ²q: 110 7 qy = qy-1exp(εy), εy ~ Normal(0, ²q)
111
Assuming seals prefer a size range of cod, their selectivity is modelled as function of mean fish 112 length at age, l , using gamma shaped curve with constant parameters α and β (Millar & Fryer 1999) : 113
We also calculated the "partial biomass" (PB) of cod available to seals as the sum of the biomass at 115 age in the stock weighted by the size selectivity of the seals: give larger values of biomass. In order to compare trends across assessments we rescaled the 138 biomass from the two ICES assessments to give the same mean biomass for the period 1985-2002 as 139 our assessment. This is the period when all three series overlap. 140
We used equations 1-6 and 8 as the basis for a stochastic forward projection model. The input 141 quantities used are listed in Table 2 . Each realisation of the model was based on one of the MCMC 142 samples. For each random draw we fitted Ricker (1954) and Beverton-Holt (1957) In the case of seal predation we fitted a type II functional response (Holling 1959) to model the 153 relationship between seal predation rate (q) and cod partial biomass of the form: To test that the projection model using a type II response was consistent with the stock assessment 169 trend we ran the projection model from a base population biomass estimated for 1985 forward to 170 2013 and compared the median projected population to the population trajectory derived from the 171 stock assessment model assuming the same historical time series of fishing mortality and seal 172 population size. 173
To investigate the conditions for recovery of the cod stock we projected the population forward for 174 50 years from the base year of 2013 under a range of combinations of fishing mortality and seal 175 population size. For fishing mortality we scaled the 2013 population estimate by values ranging from 176 0.6 to 1.8, in increments of 0.1. This range corresponds to a larger interval compared to the 177 observed range (0.74-1.64) from the stock assessment. In the case of the seal population we scaled 178 the estimated 2013 population by values ranging from 0.8 to 1.2, in increments of 0.1. This narrower 179 range reflects an assumption that the seal population is unlikely to change substantially without 180 human intervention. 181
Since cod stock recovery is considered urgent we considered the probability of the cod spawning 182 stock biomass increasing above the 2013 level by the fifth year of projection. We also assumed that 183 by year 50 the population would be in equilibrium and calculated the median cod spawning biomass 184 under the various scenarios. 185
For comparison to a fixed natural mortality rate projection we ran the model assuming that the seal 186 predation rate was independent of cod biomass by setting c=mean(qy) and d=0 in equation 10 and 187 set the seal population multiplier at 1. This scenario therefore is equivalent to status quo seal 188 numbers and will result in non-fishing mortalities that have a stationary mean over time and most 189 closely resembles current practice when making forward projections for this stock. 190 In order to test the sensitivity of the projections to the assumption of a type II functional response 191
we also ran the model at constant seal population under two additional models for seal predation which was selected most frequently in the stochastic projections. Figure 2b shows the seal predation 214 rate as a function of cod partial biomass. The predation rate, q, declines with increasing cod biomass 215 and, in effect, results in a type II functional response. The fitted line (solid) is equivalent to the disc 216 equation (Holling 1959 ). Also shown is the loess smoothed relationship (dashed line) which suggests 217 that qy may decline at the lowest partial biomass and captures some elements of a type III response. 218
By applying the relationship in Figure 2b it is possible to calculate total mortality, Z, for combinations 219 of partial biomass and fishing mortality. The resulting contour plot is shown in Figure 3 for the type II 220 response (equation 10). Over-plotted in the figure are the observed values from the stock 221 assessment. It can be seen that as the cod partial biomass and fishing mortality have declined over 222 time the total mortality has changed little and followed the contour Z=1.2 throughout the recent 223 history of the stock. It shows that despite reductions in fishing mortality, the simultaneous decline in 224 biomass has meant that seal predation mortality has compensated for this reduction. 225
The functional relationships shown in Figure 2 is high) is propagated forward regardless of stock size. In general, the effects of the different 258 assumptions on seal predation rate are largest at equilibrium due to the cumulative effects of 259 predation, fishing and recruitment. The type II and loess models shows the greatest change in 260 equilibrium spawning stock biomass as a function of fishing mortality as they assume a dynamic 261 relationship between predation rate and prey biomass. The same models also suggest higher 262 probability of stock decline in the short term than the fixed natural mortality model. 263 264
Discussion 265
Both the ICES and the current analysis, which includes seal predation, estimate a long term 266 reduction in the cod spawning stock biomass. In recent years the decline has halted with perhaps a 267 slight increase. Unlike the ICES assessment our analysis suggests the fall in biomass has occurred in 268 the presence of diminishing fishing mortality but almost constant total mortality ( Figure 3) indicating 269 that other mortalities have compensated for reduced fishing. The compensation appears to be a 270 result of the effect illustrated in Figure 2b that the seal predation rate increases as partial cod 271 biomass decreases and is typical of a type II functional response. Such a response has been reported 272 before for grey seals (Middlemas et al. 2006 ). Smout et al (2013) also estimated functional responses 273 for seals but found evidence of prey switching based on data at a much finer spatial scale. Our 274 analysis offers little evidence of prey avoidance at low biomass values as implied by predator 275 switching, perhaps because the spatial resolution in the assessment data is absent. 276
We were able to incorporate the seal functional response and the stock recruitment relationship 277 into a cod stock projection model that generated biomass trajectories consistent with historically 278 estimated values (Figure 4 ) and hence supported use of the model to project the stock beyond the 279 current level. The 5 year ahead and long term projections indicate that there remains a risk that the 280 biomass will not increase at current rates of fishing and seal population ( Figure 5) relationship between stock size and recruitment appears to be able to explain much of the dynamics 299 but will not capture environmental effects. 300
With status quo seal populations and current (2013) fishing mortality prevailing over the long term, 301 median cod spawning stock biomass is projected to be higher than current levels but below the 302 earliest observed values ( Figure 6 ). It suggests that in the long term current fishing rates, which are 303 close to the historical minimum, should allow some stock recovery provided the stock-recruitment 304 relationship holds in the future. However, an increase in the seal population of only 10% could 305 reduce the long term median biomass from 40000 tonnes to little more than 30000 tonnes. Both the 306 equilibrium analysis and the short term projection therefore indicate that the prospects of stock 307 recovery under current conditions are fragile. Our stock assessment suggests that fishing mortality in 308 recent years has tended to increase and, if sustained, would further compromise stock recovery. Lorenzen (1996) which indicates bias may be accounted for in the model fit. 361
The type II functional response assumed in the projection model implies that the predation rate by 362 seals increases as the partial biomass of cod decreases. This means that for a fixed fishing mortality, 363 if the biomass is in decline, the total mortality rate will increase and accelerate that decline. The 364 converse of this effect is that total mortality will decrease if the cod biomass is increasing and will 365 accelerate any recovery. For the West of Scotland cod, provided fishing mortality can be reduced to 366 a level sufficient to bring about some biomass increase, seal predation should diminish and further 367 aid stock recovery. These effects would be modified in the presence of a numerical response by 368 seals, especially if the distribution of cod became more patchy when total abundance changes. 369
The principal difference between the projection model developed here and those more usually 370 applied to evaluate future stock development is that reductions in fishing mortality rate do not 371 necessarily translate into reduced total mortality acting on the stock. Consequently a random 372 fluctuation producing poor recruitment, for example, could reduce stock biomass and cause an 373 increase in seal predation that negates a reduction in fishing mortality rate. At low stock biomass 374 such effects can increase the risk of further stock decline and predict lower biomass compared to 375 models which assume seal predation rate is constant. 376
The debate about the cod-seal interactions can be polarised with protagonists suggesting that the 377 decline (or lack of recovery) in cod populations is either the result of fishing or that seal predation is 378 responsible. If the "fishing" hypothesis is correct then the obvious solution is to reduce fishing, while 379 if the "seals" hypothesis is true then cod recovery can only occur if predation can be reduced, 380 essentially through a seal cull. From the perspective of the cod, death as a result of fishing or 381 predation is equally unattractive. Its problem is that the total mortality, from whatever source, is 382 high enough to either cause population decline or prevent recovery. Reducing that total mortality 383 can be influenced by human intervention but how that intervention occurs will depend on the 384 relative value of seals, cod and the fishery to society. 385
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